Abstract-We conduct 2-D simulations of device structures typical of electron-beam-induced current (EBIC) imaging and solar cell structures for p-type CdTe absorber layers with charged grain boundaries. A large signal enhancement is found near depleted (positively charged) grain boundaries for EBIC simulation, but in contrast with previous claims, solar cell performance drops. In contrast, little EBIC contrast is seen, but the cell performance improves when accumulated (negatively charged) grain boundaries are introduced. We explore the impact of doping level, lifetimes, and grain boundary charge to provide insight for design of improved thin film solar cells.
I. INTRODUCTION
C dTe solar cells offer a low-cost way to reach high conversion efficiency. CdCl 2 treatment is commonly used as a grain boundary (GB) passivation process to enable CdTe cells to achieve high performance [1] - [3] . Experimental observations and theoretical calculations both suggest that CdTe GBs become positively charged after CdCl 2 treatment [4] - [8] , becoming depleted or inverted for p-type material. Electron-beam-induced current (EBIC) imaging [5] , as well as other similar experimental techniques [6] - [8] , suggest stronger carrier collection close to the GB. Combining those facts, it has been suggested by multiple authors [5] - [8] that depleted GBs are actually beneficial to CdTe solar cell performance because they can help to separate carriers, suppress recombination, and improve carrier collection.
However, in our study while there is obvious enhancement of the EBIC signal near depleted GBs, the solar cell response shows substantial reduction in the open circuit voltage and a small decrease or increase (depending on doping level) in shortcircuit current when GBs are introduced. Counterintuitively, larger band bending actually gives reduced short-circuit current for typical CdTe cells due to the resulting enhancement Manuscript Our results indicate that EBIC signal enhancement or reduction near charged GBs is, contrary to previous reports [5] - [8] , not at all predictive of the impact of the GBs on actual cell performance or even on short-circuit current. The simulation results suggest that a passivation process that leads to accumulation at GBs is actually more desirable for solar cell performance.
II. ELECTRON-BEAM-INDUCED CURRENT SIMULATION
EBIC imaging is a powerful technique that can resolve a material's electrical response at a scale much smaller than the grain size [10] . It can be used for the measurement of minority carrier diffusion length and surface recombination of a sample material. In the measurement, a focused electron beam impinges on the material and generates electron-hole pairs. Those carriers can travel to the contact and get collected or recombine before they reach the contact. The ratio η between the collected carriers to the generated carriers is the collection efficiency for the EBIC measurement.
Each electron can generate approximately E beam /(3E g ) electron-hole pairs, where E beam is the energy of the electron beam and E g is the material bandgap. The average experimental generation rate can, thus, be estimated as [11] 
Here, I beam is the electron beam current, b is the backscattering coefficient, and V is the generation volume. For simplicity, we consider constant generation in a box with width w and depth d. Thus, V = dw 2 . The generation rate in (1) is defined in a 3-D system, which is generally true for the experimental measurement. In our simulation, we use a 2-D system to model the EBIC signal response in 3-D structure. As discussed by Haney et al. [12] , the ratio between critical generate rate to establish high ejection effect in 3-D and 2-D is 4L, where L can be considered as the grain size in our simulation. Note that the unit of generation rate in reference [12] 
We constructed a thin film absorber structure as shown in Fig. 1 and simulated in sentaurus device. Constant carrier generation to an estimated penetration depth of d = 0.2 μm over width of w = 0.1 μm is defined to represent the electron beam excitation. The excitation point is scanned from x = −4 to x = 3.5 μm, whereas the GBs are defined at x = −2 μm and 2 μm. The probe contact is defined at the top surface from x = 3.6 to x = 4.0 μm. Reflecting boundary conditions are applied on the left and right sides of the simulation structure. The device parameters are listed in Table I . GBs are modeled as 2-nm-wide regions with fixed charge. The fixed charge can be considered to come from shallow donor/acceptor independent of common generation level. The relation between charge density and band bending is shown in Table II . The recombination centers in GBs and grain interiors (GI) are both considered using Shockley-Read-Hall model with midgap traps for simplicity. The recombination velocity at GBs is S GB = 2 nm/τ GB , where τ n = τ p = τ GB in GBs.
If the beam current is 100 pA and beam energy is 5 keV with back scattering coefficient of 0.15, the generation rate in 3-D system is about 2.9 × 10 26 cm −3 /s. In our simulation, the grain size L is 4 μm. Thus, the equivalent 2-D generation rate is estimated to be about 1.8 × 10 24 cm −3 /s. For GBs that lead to local depletion and/or inversion (positively charged for p-type absorber), as shown in Fig. 1(a) , there is a large enhancement of signal close to the GB, which is consistent with previous experimental observations and numerical simulations [13] . When electron-hole pairs are generated in the depletion region near the GB, electrons can travel in the depletion region to reach the CdS and then the contact. Meanwhile, holes are swept into the p region within grains. Thus, we can conclude that a depletion region near GB aids carrier collections in EBIC imaging experiment. The larger the band bending, the larger the EBIC signal enhancement we observe near the GB as shown in Fig. 2(a) .
The surface recombination has a large influence on the EBIC signal response. Increased surface recombination would result in reduced EBIC signal as shown in Fig. 2(b) , because more generated carriers recombine at the top CdTe surface before they are able to be collected. The maximum collection efficiency for 0.24-eV band bending is about 90% when top surface recombination velocity is small (10 4 cm/s), indicating most of the carriers are collected by probe. The large collection efficiency is because the generation level in the simulation was below the threshold for high-level injection effects. When the generation level is high enough, the electrical field in the depletion region will be screened due to the large carrier concentrations and the collection efficiency will drop [12] .
For GBs that lead to local accumulation (negatively charged for p-type absorber), as shown in Fig. 1(b) , the EBIC collection efficiency is very small. This is because there is no channel for minority carrier (electron) current flow in this situation and most of the generated carriers recombine before they reach the probe. The signal contrast between GB region and GI is also small. For CdTe with unpassivated GBs, reduction of EBIC signal near GBs is observed because of the increased GB recombination.
III. SOLAR CELL SIMULATION
To understand GB impact on CdTe solar cell performance, we conducted further numerical simulation with the same absorber structure plus added ZnTe backside contact. The device structure is shown in Fig. 4(a) and the device parameters are listed in Table I . AM 1.5 spectrum with an intensity of 1000 W/m 2 is defined for the illumination. The simulation results are shown in Fig. 3 .
A. Depleted Grain Boundary
Introducing a depleted (positively charged for p-type) GB alters the carrier distribution in the device, changing the recombination rate distribution that is directly related to I SC and V OC . The shockley-read-hall (SRH) recombination rate for midgap traps can be expressed as
When
the recombination rate will reach local maximum, which is
The carrier distribution in CdTe cell with depleted GBs is shown in Figs. 4(b) and (c) and 5(b). Band bending brings electron and hole densities closer to each other. When the band bending is large enough, we can observe local maximum recombination near GB. We define the recombination in the cell without band bending near GB as reference recombination. Whether the local maximum recombination rate would be larger than the reference recombination rate is determined by the electron/hole density when (4) is satisfied. The larger their values when equation is satisfied, the larger the local recombination, as can be seen from (5).
In short-circuit situation, the recombination rate at depth of 2 um from the CdTe/CdS interface reaches local maximum value near the GB [see Fig. 4(b) ]. However, when band bending is large enough, the local maximum value is smaller than the reference recombination. This is because carrier concentrations are small (∼ 10 7 cm −3 ). In addition, the built-in electrical field attracts minority carriers (electrons) from GI to GB region, which reduces the electron density, and thus, recombination in GI. The overall trend is that recombination is suppressed when introducing depleted GBs at locations far enough from the CdTe/CdS interface. This is generally explained by carrier separation and leads to an increase in I sc [14] , [15] . However, when we move the cutline closer to the CdTe/CdS interface, the local maximum recombination will increase and eventually the overall recombination will be larger than the reference recombination [see Fig. 4(c) ]. This is because the heavily doped CdS results in the inversion of adjoining CdTe region. Near the depleted GB, the inversion region is expanded deeper into the absorber. The peak of electron density near the GB broadens and rises near the CdTe/CdS interface. This will increase the electron and hole density when (4) is satisfied, which leads to larger local maximum recombination. When the local maximum recombination is large enough, the overall recombination would be enhanced due to introducing depleted GBs.
In summary, GBs that lead to local depletion (e.g., positively charged for p-type material) enhance recombination in CdTe cell near the CdTe/CdS interface but suppress the recombination deeper inside absorber. Whether I SC will increase or decrease depends on the balance between the two. For Cu(In,Ga)Se 2 (CIGS) solar cell with typically heavier doping levels (10 16 cm −3 ), the recombination enhancement region is shallower. Similar to previous research [14] and [15] , we find an increase of I SC with large enough positive (depletion) band bending. However, in CdTe solar cells, the doping level is relatively low (10 14 and 10 15 cm −3 ), therefore, the influence of CdS region extends deep into absorber film, and the depth of recombination enhancement region is larger than in heavier doping scenario. In this situation, we find larger band bending would actually make I SC smaller (see Fig. 3 ). Similar methods can also be applied to the analysis of the impact on V OC and efficiency. When applying bias, more minority carriers (electrons) are injected into CdTe region, which raises electron density near GB. When (4) is satisfied, the electron and hole density are much larger than those in the short-circuit situation, which also makes the local maximum recombination much larger (see Fig. 5 ). In our simulation, the local maximum recombination becomes large enough to enhance the overall recombination, and thus, the forward diode current. Combining the small reduction of I SC with the substantial reduction of V OC , results in significant drop in cell efficiency due to positively charged GBs.
Since the ratio between τ p and τ n is essential to determining the location of local maximum recombination, the choice of τ p/ τ n in CdTe could also alter the device performance. τ p/ τ n ∼ 1000 is used in some previous device simulation [16] , while a recent calculation [17] finds that the capture cross section for electron and hole are on the same order (∼ 10 −13 cm −2 ) for native point defects. Thus, we conduct simulation using τ p in CdTe ranging from 1-1000 ns, whereas τ n is fixed to be 1 ns, as shown in Fig. 6 . The general trend of reduction of I SC and efficiency with positively charged GBs is still observed in all the different τ p situations, while the reduction of I SC is significantly mitigated when τ p is much larger than τ n . There is almost no dependence of I SC on band bending when τ p τ n in CdTe. The choices of τ n and τ p for SnO 2 and CdS are based on previous work [16] .
B. Accumulated Grain Boundary
As can be seen from Figs. 3 and 6, introducing accumulation (negatively charge) at GBs can enhance the device performance. The upward band bending near the accumulation type GBs would lead to a barrier for electrons to reach GBs. Thus, excess recombination at the GBs would be inhibited in this case, which is consistent with the result that more pronounced performance improvement is found in cells with less passivated GBs. In addition, accumulated GBs effectively increase the overall doping level for CdTe absorber. Since the active doping level in CdTe is still smaller than the optimal value, increasing the effective doping by introducing accumulation type GBs will also improve the cell performance.
IV. CONCLUSION
Technology computer aided design (TCAD) simulations were conducted for both EBIC imaging and solar cell performance for the same CdTe absorber structure using positively and negatively charged GBs. In the EBIC simulation, we observe signal enhancement near the depleted (positively charged) GB, while solar cell simulations indicate reduction of I SC , V OC , and cell efficiency under typical conditions. Based on analysis of the spatial variation in recombination, especially the magnitude and location of maximum recombination, we explain how the GB impacts device performance. The reduction of I SC is opposite that found in previous study of CIGS [14] , [15] . This is explained by the large expansion of recombination enhancement region near the CdTe/CdS interface due to the low doping level in CdTe. On the other hand, there is no obvious signal enhancement near accumulated (negatively charged) GBs, but the cell performance is improved in this situation. Our study shows clearly that enhanced EBIC signals are not a good predictor of enhanced solar cell performance, and indicates that a passivation process that introduces negative rather than positive charge at GBs could potentially enhance the performance of thin film photovoltaics with p-type absorber layers.
